1.. Introduction {#s1}
================

Conventional linear elastic fracture mechanics (LEFM) provides an established basis for analysing subcritical crack growth in terms of parameters (e.g. stress intensity factor *K*, crack-tip opening displacement (CTOD) *J*) that capture the local conditions at the crack tip, yet can be determined solely in terms of the crack length, externally applied loading and geometrical parameters. This global approach has served us very well, even in the case of relatively inhomogeneous materials, provided the crack is long relative to the scale of the heterogeneity. However, it neglects the underlying competition between the intrinsic damage mechanisms occurring ahead of the crack and the extrinsic shielding mechanisms occurring behind the crack tip that influence fatigue behaviour \[[@RSTA20130157C1]\]. It is these micromechanisms that lie at the heart of the step-jumps in subcritical crack growth resistance achieved in new materials by tailored heterogeneity and interfaces at the micro- and nanoscales \[[@RSTA20130157C2],[@RSTA20130157C3]\]. These mechanisms can be exploited in materials design to retard crack growth via repair agents \[[@RSTA20130157C4]\], residual stresses \[[@RSTA20130157C5],[@RSTA20130157C6]\], phase transformations \[[@RSTA20130157C7]\], plasticity-induced closure \[[@RSTA20130157C8]\], crack deflection \[[@RSTA20130157C9]\] and crack bridging \[[@RSTA20130157C10]\], etc. In such cases, while fracture mechanics can still be used as the principal means of predicting crack growth, traditional external indicators such as applied load and crack length are not sufficient, because processes near the crack tip modify the effective crack-tip driving force (i.e. *K*^eff^≠*K*^applied^).

To progress, we need a means of extracting quantitative information about the local crack-tip environment. Emerging techniques such as digital image correlation allow the crack-tip deformation field to be probed at the surface, but many cracks are either inherently three dimensional or initiate in the interior. This review describes the concept of three-dimensional X-ray microscopy, combining diffraction and imaging modes as in a transmission electron microscope to probe the conditions at the crack tip ([figure 1](#RSTA20130157F1){ref-type="fig"}). Instruments capable of this are beginning to emerge, such as ID15 at the European Synchrotron Radiation Facility (ESRF) and JEEP at the Diamond Light Source. This review explores the types of information that can be provided by diffraction ([figure 1](#RSTA20130157F1){ref-type="fig"}*a*) and by CT imaging ([figure 1](#RSTA20130157F1){ref-type="fig"}*b*). For reasons of space, many practical aspects associated with residual stress mapping by diffraction and imaging by computer tomography are not covered in this paper, but excellent introductions to both techniques are available; for example, \[[@RSTA20130157C12]\] and \[[@RSTA20130157C13],[@RSTA20130157C14]\] for diffraction and imaging, respectively. Figure 1.Schematic illustrating the wide range of qualitative and quantitative fracture mechanics information that can be obtained by (*a*) diffraction and (*b*) imaging \[[@RSTA20130157C11]\]. Of course, not all the shielding mechanisms shown here are likely to be available in any particular case. (Online version in colour.)

Synchrotron X-ray microscopy provides a means of shedding new light on crack-tip phenomena allowing the efficacy of micro- and nanostructural tricks currently being exploited by the materials designer (and nature) to be quantified, thereby opening up new avenues to design the novel failure-resistant materials of the future. In this paper, the complementary insights provided by diffraction (in §2) and imaging (in §3 and §4) modes are explored across a range of materials and applications with a particular emphasis (in §5) on obtaining quantitative measures of the crack driving force before considering wider applications of X-ray microscopy.

2.. Diffraction from the crack-tip region {#s2}
=========================================

In the following subsections, the types of information that diffraction can provide are investigated through a series of examples. Through the use of apertures, it is possible to ensure that the diffracted signal comes from just a small 'gauge' volume. This enables mapping in three dimensions. Often such measurements are focused on a region of interest, for example the volume or area local to a crack tip or defect; often, it is sufficient for the mapping to be undertaken over a two-dimensional slice, for example at the mid-plane of the sample (see §2*a*), or along a line, for example along the centre line of a crack plane (see §2*d*(i)). Some methods such as diffraction contrast tomography (see §3*b* and also §4*c*) are inherently three dimensional in nature.

(a). Mapping crack-tip stress fields {#s2a}
------------------------------------

X-ray ([figure 2](#RSTA20130157F2){ref-type="fig"}*a*) and neutron ([figure 2](#RSTA20130157F2){ref-type="fig"}*b*) diffraction have been used to probe the state of stress in the vicinity of fatigue cracks since the 1970s and the 1980s, respectively. X-ray measurements can achieve submillilitre resolution but are confined to surface measurements, whereas neutron diffraction allows one to probe the stress state inside the bulk, but at millimetre resolution \[[@RSTA20130157C17]--[@RSTA20130157C19]\]. Figure 2.(*a*) A crack-opening residual stress map collected using laboratory X-rays with a 0.6 mm X-ray spot size for a 1020 steel after a 45 MPa√m overload during fatigue cycling at 16.9 MPa√ m showing very significant compressive stresses in the region of the crack tip. (After \[[@RSTA20130157C15]\].) (*b*) Crack-tip residual stress field determined at mid-thickness of a 19 mm thick ferritic steel test piece (shown inset) by neutron diffraction using a ±3 mm cuboidal gauge, again showing the compressive residual stresses at the crack tip \[[@RSTA20130157C16]\]. (Online version in colour.)

The recent emergence of high-brilliance, hard X-ray beamlines at third-generation synchrotron sources allows crack-tip strain fields to be mapped deep within test pieces \[[@RSTA20130157C20],[@RSTA20130157C21]\]. Further, the very high intensity and the absence of significant beam divergence means that very small beams can be used to illuminate the sample. Indeed, sample gauge sizes as small as tens of micrometres in the lateral dimensions are feasible, although the gauge size is often somewhat longer along the beam direction.

At the highest spatial resolutions, the need to illuminate a statistically significant number of polycrystalline grains for powder diffraction analysis means that the spatial resolution is in many instances limited essentially by the grain size of the sample rather than by the capability of the technique \[[@RSTA20130157C12]\]. In such cases, this problem can be mitigated to some extent by oscillating the sample over a few degrees about the gauge volume location during each measurement so as to increase the number of diffracting grains that contribute. In the example shown in [figure 3](#RSTA20130157F3){ref-type="fig"}, the technique has been employed to study the crack-tip field in a thick compact tension sample having an ultrafine grain size (less than 1 μm) \[[@RSTA20130157C22]\]. Figure 3.(*a*) Experimental set-up for collecting maps of the strains in the crack-opening (*ε*~*yy*~) and crack growth directions (*ε*~*zz*~) using energy dispersive detectors for a compact tension (CT) sample; (*b*) crack-tip stress field determined at the centre of a 12 mm thick CT test piece by synchrotron X-ray diffraction at *K*~I,max~ (13.2 MPa√ *m*) for an ultrafine grained (\<1 μm) AA5091 Al alloy \[[@RSTA20130157C22]\]. A 25×25 μm gauge cross-section was used. (Online version in colour.)

In this example, the stress field is essentially governed by LEFM, because the plastic zone size is very small, but there are many other more complex cases where the stress field local to the crack cannot be easily predicted, for example when there is extensive plasticity, crack deflection, a cohesive or bridging zone local to the crack, extensive microcracking or self-healing or when multiple phases are present. In such cases, elastic strain mapping is the most direct way of quantifying the stress experienced by the crack tip.

(b). Mapping crack-tip stress-driven transformation effects {#s2b}
-----------------------------------------------------------

It has long been known that martensitic transformation effects can be used to improve the toughness of ceramics, such as partially stabilized zirconia (PSZ), by a mechanism called *transformation toughening* \[[@RSTA20130157C23]\]. Here, the high stress concentration near a crack tip can trigger the transformation, in this case, of zirconia particles, introducing both a dilatation of around 4% and a shear strain locally. The typical transformation zone sizes found experimentally are of the order of 20 μm and the associated dilatation can cause the crack to close. The overall stress concentration near the crack tip is, therefore, reduced and thus the fracture toughness of the composite is enhanced \[[@RSTA20130157C24]\]. This effect gives rise to an increasing resistance to fatigue crack growth with crack length (an increasing R curve response). Many studies have looked to characterize the process zone \[[@RSTA20130157C25]\]. For example, it has been mapped by surface depression measurements by atomic force microscopy near the crack tip and by crack-opening displacement (COD) measurements. Indeed, COD measurements in PSZ \[[@RSTA20130157C26]\] suggest that applied stresses as large as 400 MPa must be applied before there is significant crack opening. Despite these studies, to the author\'s knowledge, crack tip stresses in the transformed zone have yet to be mapped by diffraction.

The extent of the transformation has been quantified, however, for PSZ by X-ray diffraction on the fracture surfaces \[[@RSTA20130157C27]\] and *in situ* at the crack tip for shape memory alloys \[[@RSTA20130157C28]\] ([figure 4](#RSTA20130157F4){ref-type="fig"}). Shape memory materials have a similar capacity to transform locally under the crack-tip stress field. This shows rather elegantly the relationship between the local crack-tip stress field, the stress for transformation and the extent of transformation. To date, diffraction measurements have only scratched the surface of what can be achieved. Further, if combined with three-dimensional imaging (§4), a much more complete picture of the progress of transformation toughening with crack growth could be obtained providing crack-tip morphology, crack bridging and COD by imaging and the transformation zone and the extent of transformation and the crack-tip stress field by diffraction. Figure 4.Phase fractions of austenite (B2) and martensite (B19\' structures) near a crack tip in a pseudo-elastic NiTi shape memory alloy 8 mm thick CT specimen mapped by synchrotron X-ray diffraction \[[@RSTA20130157C28]\] under a constant load. The austenitic plane stress and plane strain zones within which the transformation stress is exceeded are also shown. Note that material has also transformed near the back face owing to the large bending stresses there. (Online version in colour.)

(c). Plastic zone mapping {#s2c}
-------------------------

In the 1980s, the term *X-ray fractography* was developed to describe the use of X-ray diffraction to examine the fatigue fracture surface and the near-surface region by incremental electrochemical layer removal post-mortem \[[@RSTA20130157C29]--[@RSTA20130157C31]\] so as to obtain information on the crack-tip plastic zone. Two measures were proposed on the basis that the local plastic deformation at the crack tip leaves behind residual stresses and deformation on the fracture surface, namely the broadening of the diffraction line profiles and the residual stress parallel to the crack growth direction. The complex nature of the line broadening profile with depth is illustrated in [figure 5](#RSTA20130157F5){ref-type="fig"} \[[@RSTA20130157C32]\]. At low Δ*K*, the increasing peak width towards the crack surface reflects the increasing monotonic plastic strain (A). With increasing Δ*K*, the cyclic plastic strain increases such that fatigue softening (B) at the crack tip becomes important in the cyclic deformation zone, whereas at large Δ*K* the extensive cyclic cold work (C) at the crack tip may cause the full width at half maximum (FWHM) to rise. Similarly, complex behaviour has been observed for the variation in residual stress as a function of depth ([figure 6](#RSTA20130157F6){ref-type="fig"}). As a result, the profile shapes were not in themselves found to be a good indicator of the magnitude of the fatigue loading. Figure 5.Schematic of the variation in the diffraction peak width, FWHM, measured by laboratory X-rays (*a*) with plastic straining and with depth from the fracture surface (*b*--*d*) with increasing levels of applied Δ*K* for a fatigue softening material. (After \[[@RSTA20130157C32]\].) The relationships to the forward, *r*~pm~, and reverse, *r*~pc~, plastic zones are indicated. Figure 6.Depth profiles of residual stress measured in the crack growth direction by laboratory X-ray and successive layer removal over a 1×8 mm patch of the fatigue fracture surface by Cr *K*~α~ X-rays for AISI 4340 steel fatigued at two levels of *K*~max~ and two temperatures \[[@RSTA20130157C29]\]. (Online version in colour.)

By contrast, the depths (*w*~*y*~) of the diffraction peak broadened region and especially the residually stressed zone were found to be good indicators of the extent of the forward plastic zone, *r*~pm~. Consequently, this could be related to the maximum applied stress intensity with \[[@RSTA20130157C29]--[@RSTA20130157C32]\] where *α* is a constant less than 0.19 \[[@RSTA20130157C32]\] and *σ*~*y*~ is the yield strength.

Of course, the method can also be applied using synchrotron X-rays, but the increased penetration into the surface can complicate the depth analysis using a reflection geometry \[[@RSTA20130157C33]\]. This approach can, however, easily be adapted to exploit the penetration of hard X-rays, by using a transmission arrangement (using a similar arrangement to that used for stress mapping in [figure 3](#RSTA20130157F3){ref-type="fig"}*a*), so that the different depths beneath the fracture surface (crack plane) can be probed non-destructively. Consequently, this technique need not be confined only to post-mortem fractography analysis but could be applied *in situ* during fatigue crack growth.

Data from the experiments looking at overloads during fatigue crack growth in bainitic steel CT samples described by Lopez-Crespo *et al*. \[[@RSTA20130157C34]\] have been reanalysed and plotted. [Figure 7](#RSTA20130157F7){ref-type="fig"}*a* shows the variation of peak FWHM (top) alongside the elastic strain in the crack-opening direction (bottom) for a fatigue crack held under load at *K*~max~. It is clear that the peak FWHM variation is heavily influenced by the crack-tip strain field. The fact that the broadening is observed to vary significantly with loading condition and to follow the crack tip suggests that this broadening is not primarily owing to the dislocations associated with the crack-tip plastic zone (so-called type III microstresses). This broadening arises from the steep gradients in residual stress sampled across the 60 μm beam dimension. This is evidenced by the fact that the peak broadening is a maximum not at the position of maximum elastic (and plastic) strain ([figure 7](#RSTA20130157F7){ref-type="fig"}*a* (bottom)) but occurs just behind this where the gradient in strain is at its steepest. The diffraction peak width in the crack wake should be directly comparable to the conventional X-ray fractographic analysis. Here, the line profile is slightly broader than the far-field level extending to a depth (dashed line) of around approximately 0.5 mm from the crack faces ([figure 7](#RSTA20130157F7){ref-type="fig"}*a* (top)) which is probably indicative of the depth of the plastic zone. Figure 7.(*a*) Full width at half maximum variation (FWHM) (top) and crack-opening strain field (bottom) mapped local to a crack tip in a thick (15 mm) steel sample at *K*~min~ and *K*~max~(Δ*K*=28 MPa√m,*R*=0.05) using a 60×60 μm beam. Much of the broadening local to the crack tip is transient and progresses with the crack tip. (*b*) The variation in the residual stress parallel to the same crack plane at *K*~min~ across the crack faces for a region of the crack representative of growth at baseline fatigue and across the location of a 100% overload event. All data taken from experiments described in \[[@RSTA20130157C34]\] on the energy dispersive beamline ID15 with FWHM expressed as Δ*E*/*E*~hkl~, where *E*~hkl~ is the X-ray energy at which the diffraction peak is centred. (Online version in colour.)

By analogy with the laboratory X-ray method of [figure 6](#RSTA20130157F6){ref-type="fig"}, the variation in residual stress in the crack growth direction across the crack wake is shown in [figure 7](#RSTA20130157F7){ref-type="fig"}*b*. This is also broadly consistent with a plastic zone of around approximately 0.5 mm for baseline fatigue. In the region of the 100% overload event, this has extended to approximately 1.25 mm. Using Irwin\'s equation \[[@RSTA20130157C35]\] for the plastic zone (yield stress 570 MPa) would give values of 0.25 and 1 mm for the baseline and overload fatigue cases, respectively \[[@RSTA20130157C36]\]. This suggests that the plastic zone depth can be used as an indicator of the crack driving force.

For materials for which there is a strain induced transformation local to the crack-tip, the extent of the plastic zone can also be determined by monitoring the relevant phase fractions. For example, the loss of austenite owing to the formation of deformation-induced martensite in the plastic zone has been used to assess the extent of the plastic zone for austenitic and duplex stainless steels \[[@RSTA20130157C37],[@RSTA20130157C38]\]. Such transformations are also likely to further complicate the peak broadening and residual stresses profiles with distance from the fracture surface.

(d). Crack-face tractions {#s2d}
-------------------------

A great deal of attention has been focused on the role of crack-face closure in fatigue crack-tip shielding. Despite the identification of closure as a potential crack-tip shielding mechanism by Elber back at the start of the 1970s \[[@RSTA20130157C39]\], it is still the focus of much debate. Vasudevan *et al.* \[[@RSTA20130157C40],[@RSTA20130157C41]\] suggest that many fatigue crack growth rate retardation effects can be explained in terms of changes in the stresses ahead of the crack tip rather than in the crack closure (such as plasticity, roughness or oxide-induced closure \[[@RSTA20130157C42],[@RSTA20130157C43]\]) behind it. In particular, there is much debate regarding the possibility for closure in thick samples under plane strain \[[@RSTA20130157C44],[@RSTA20130157C45]\]. Nevertheless, changes in crack compliance have been observed in many cases for plane stress samples \[[@RSTA20130157C46]--[@RSTA20130157C48]\] and these can be simply accounted for by the concept of closure.

### (i). Closure stresses {#s2d1}

In principle, diffraction provides a means of quantifying crack-face closure contact stresses. An example is provided by Lopez-Crespo *et al.* \[[@RSTA20130157C36]\], who measured a series of line scans along the crack plane to follow the progress of the crack-tip elastic strain field (crack-opening strain) with number of cycles before, and after, a 100% overload ([figure 8](#RSTA20130157F8){ref-type="fig"}). Figure 8.(*a*) Crack-opening strain, *ε*~*yy*~, profile along the crack plane (*y*=0) at the centre of a 15 mm thick bainitic steel CT sample at *K*~max~ (solid line) and *K*~min~ (dashed line; Δ*K*=28 MPa√m; R ratio=0.05) as a function of the number of cycles after a 100% overload (OL) event. (*b*) The same data plotted as the difference in elastic strain between *K*~max~ and *K*~min~ as a function of the number of cycles. The arrow shows the location of the extensive plastic deformation from the overload event \[[@RSTA20130157C36]\]. (Online version in colour.)

As one might expect, the overload event generates a large plastic zone. This causes the peak stress at *K*~max~ on reloading (OL+20 cycles) to be smaller than that prior to overload (OL−1 cycle; [figure 8](#RSTA20130157F8){ref-type="fig"}*a*). With further crack growth, the peak stresses rise as the elastic crack field grows out of the compressive plastic zone. [Figure 8](#RSTA20130157F8){ref-type="fig"}*b* illustrates that immediately after the overload event the elastic strain changes at the crack tip on loading from *K*~min~ to *K*~max~ are very similar to those immediately prior to overload. This indicates that the lower peak tensile stress after overload is primarily the result of the larger compressive stress in the plastic zone at the crack tip. Immediately after overload, it is difficult to discern any compressive stress being transferred across the crack faces; however, it is evident that significant compressive residual stresses do act across the crack faces at the location of the overload event when the crack has grown some distance past it ([figure 8](#RSTA20130157F8){ref-type="fig"}*b*). This effect has been proposed previously and referred to as discontinuous closure \[[@RSTA20130157C45]\] whereby plastic 'wedges' are left on either side of the crack flanks which come into contact during unloading as the crack grows through the initial extended forward plastic zone. It is more clearly seen in two-dimensional maps of the stress field at *K*~min~ as shown by \[[@RSTA20130157C34]\] for a similar experiment in [figure 9](#RSTA20130157F9){ref-type="fig"}. Figure 9.Two-dimensional map of the elastic strain (in 10^−6^) in the loading direction at *K*~min~(Δ*K*=28 *MPa*√m, R=0.05) showing the discontinuous contact strain field at the location of a 100% overload event (−1.9 mm behind the current crack position). (Courtesy of Crespo Lopez, Steuwer, Kelleher and Withers.) (Online version in colour.)

### (ii). Bridging stresses {#s2d2}

While closure stresses act to keep cracks open at *K*~min~, ligaments that bridge the crack can help to hold a crack shut at *K*~max~ thereby reducing the cyclic amplitude (Δ*K*^eff^) experienced by the crack tip. Such crack-face tractions can also be evaluated by diffraction. This is well illustrated by the role of bridging fibres in shielding a fatigue crack in long-fibre composites. The bridging stresses have been quantified by high-resolution synchrotron diffraction for Ti--6Al--4V/35% SCS-6 SiC fibre composite \[[@RSTA20130157C49]\]. The bridging stresses in the fibres are shown in [figure 10](#RSTA20130157F10){ref-type="fig"}. The crack-face tractions arising from the bridging fibres are around 300 MPa at maximum load. Interestingly, they are compressive (approx. −100 MPa) at *K*~min~ which tends to prop open the crack. This is partly due to the fact that the bridging fibres are pulled out somewhat at *K*~max~ and partly due to the original compressive thermal residual stresses in the fibres. Using a weight function approach, it is possible to calculate the shielding effect of the crack-closing stresses at *K*~max~ and the crack-opening stresses at *K*~min~. These are shown in §5*b* and act to greatly reduce the stress intensity range experienced by the crack as more and more fibres bridge the growing crack. Figure 10.Fibre bridging stresses for the SiC fibres bridging a fatigue crack in a Ti--6Al--4V/35% SiC long-fibre composite holding the crack shut at *K*~max~ (filled symbols, continuous lines) and propping it open at *K*~min~ (open symbols, dashed curves). The far-field thermal contraction mismatch residual stresses in the fibres are represented by the horizontal dashed line. (After \[[@RSTA20130157C50]\].) (Online version in colour.)

3.. Crack-tip imaging {#s3}
=====================

As discussed by Stock \[[@RSTA20130157C51]\], the narrowest crack opening that can be measured by tomography is a function of the pixel size and the contrast difference. For aluminium viewed with a 40 kV laboratory source, Breunig *et al.* \[[@RSTA20130157C52]\] suggest that a crack as small as 10% of the pixel size can be measured. For polymer composites illuminated with X-rays from a 100 kV source, a sensitivity to cracks 20% of the pixel size has been quoted \[[@RSTA20130157C53]\] improving to 5% if dye penetrant is used to enhance the contrast. However, such values appear rather optimistic under all but the most favourable conditions. Further, crack detection can be assisted by imaging under load such that the cracks are held open. In any event, provided the cracks can be detected, X-ray tomography can provide a feast of information as to the mechanisms of damage occurring ahead of the crack and crack-tip shielding behind it as illustrated in [figure 1](#RSTA20130157F1){ref-type="fig"} and discussed below.

(a). Time-lapse CT {#s3a}
------------------

One of the advantages of tomographic imaging is that it is non-destructive and so can be applied repeatedly over time to follow the progress of a crack ([figure 11](#RSTA20130157F11){ref-type="fig"}). This is sometimes called four-dimensional imaging, or, more straightforwardly, time-lapse CT. A good example of the power of the method is provided by the progressive damage introduced in a \[90/0\]s carbon fibre-reinforced laminate as a function of straining \[[@RSTA20130157C54]\]. Considerable work has also been done studying the progress of fatigue cracks \[[@RSTA20130157C50],[@RSTA20130157C55]--[@RSTA20130157C63]\]. The method is not just confined to the study of laboratory test pieces; in a number of cases crack propagation has been followed in components or devices. For example, Tsuritani *et al.* \[[@RSTA20130157C64]\] have studied the development of cracks in 150 μm solder microbumps of a flip--chip interconnect. In this case, refraction (phase) contrast \[[@RSTA20130157C65]\] has been used to increase the contrast, because the cracks open by less than 100 nm. In this way, it was possible to monitor the growth of cracks between the solder and the Cu pad over repeated thermal cycles to failure. Figure 11.(*a*) Plan view and (*b*) three-dimensional view of the progressive growth of a fatigue crack in a Ti matrix-C cored 140 μm SiC fibre composite with the matrix and fibres rendered transparent in both views. (After \[[@RSTA20130157C50]\].) (Online version in colour.)

(b). Short cracks {#s3b}
-----------------

It is well known that microstructurally short cracks are very sensitive to the local microstructure. In regions where the local microstructure is favourable for growth, much faster growth rates can be achieved than would otherwise be expected. Conversely, Buffiere *et al.* \[[@RSTA20130157C66]\] found by tomography that at low stress levels fatigue crack growth from pores could be held up by microstructural barriers such as grain boundaries, whereas at high stress levels continuum crack growth laws were well obeyed. Other studies have looked at short crack/grain boundary interactions. Because grain boundaries are not normally visible using conventional attenuation tomography, grain boundary decoration techniques have been applied (e.g. aluminium grain boundaries decorated using Ga) \[[@RSTA20130157C67]--[@RSTA20130157C69]\]. These were accompanied by post-mortem electron back-scattered diffraction analysis so as to be able to relate the grain structure and grain orientations to the crack path under fatigue.

More elegantly, a combination of diffraction and tomography can provide information about the grains and their orientations non-destructively alongside attenuation CT imaging of the crack. For example, diffraction contrast tomography \[[@RSTA20130157C70]\] or three-dimensional X-ray diffraction \[[@RSTA20130157C71]\] are being used to map the grain orientations in three dimensions. A good example is the study of stage I crack growth in magnesium ([figure 12](#RSTA20130157F12){ref-type="fig"}). This was found to occur preferentially on the basal plane of the hexagonal close-packed crystal, whereas retardations in the local crack growth rate were observed at boundaries with large misorientations to the slip plane \[[@RSTA20130157C72]\]. Figure 12.(*a*) Three-dimensional diffraction contrast tomography rendering of a crack (white) and Mg grains (semi-transparent colours); (*b*) plan view of the same crack with the starter notch (dashed), grain boundaries (lines) and specific grains labelled by letters showing the angle between the crack plane and the crystallographic basal plane; (*c*) local growth rate (nm per cycle) where the average rate was 9 nm per cycle \[[@RSTA20130157C72]\]. (Online version in colour.)

4.. Monitoring extrinsic toughening mechanisms {#s4}
==============================================

The intrinsic toughness of a material relates to its inherent ability to absorb energy as a crack grows, for example by plasticity. Extrinsic toughening can be introduced by the addition of second phases, heterogeneity or controlled interfaces into the microstructure. There are a large number of extrinsic toughening mechanisms which can shield the crack tip. These have been categorized as crack deflection, those which arise in a zone local to the crack tip referred to as 'zone shielding', and closure mechanisms \[[@RSTA20130157C73]\] that tend to act across the crack wake. The extent to which imaging can provide information about the activation of each of these mechanisms is considered, in turn, in the following sections, although for many heterogeneous systems multiple toughening mechanisms operate simultaneously.

(a). Crack deflection and meandering {#s4a}
------------------------------------

The effect of texture in terms of crack deflection by microcracking has been investigated by tomography for some time including Al--Li alloys \[[@RSTA20130157C74]\] and iron titanate ceramics \[[@RSTA20130157C75]\]. The work of Stock is particularly noteworthy as he has combined X-ray tomography and diffraction, although on different instruments, using microbeam diffraction to quantify the role of grain orientation on grain deflection identified by imaging and finding that specific orientations of similarly oriented grain clusters produce sharp changes in crack path.

Many natural materials are extremely anisotropic, giving rise to extensive crack deflection, for example wood, seashells, bone \[[@RSTA20130157C76]\], bovine enamel/dentin \[[@RSTA20130157C77]\] and elephant tusk \[[@RSTA20130157C78]\]. For example, for bone (see §4*c*(i)) three-dimensional imaging of cracks growing transverse to the length of the bone shows marked crack deflections and (out-of-plane) twists as they interact with the underlying Haversian structure \[[@RSTA20130157C79],[@RSTA20130157C80]\]. This is an important source of toughening for cracks grown in this orientation.

Recently, there has been a great deal of interest in mimicking the layered structured of many natural systems, originally on the submillimetre scale by stacking thin ceramic sheets \[[@RSTA20130157C81]\] and more recently at the tens of micrometres scale by freeze casting (ice templating) \[[@RSTA20130157C3],[@RSTA20130157C82]\]. Time-lapse CT is especially well suited to the characterization of the crack deflection events and can provide key information about the sequence of crack growth, bifurcation and deflection as well as the opening of the dominant crack, as shown in [figure 13](#RSTA20130157F13){ref-type="fig"}. Figure 13.Time-lapse synchrotron X-ray tomographic cross-sections (I13 Diamond Light Source) showing crack deflection in a freeze cast layered ceramic (approx. 4×0.8×1.6 mm) fractured in bending. (Courtesy of D Eastwood, E. D\'Elia, E. Saiz. S Yue, C. Rau, P.J. Withers and P. D. Lee.)

(b). Crack-tip zone shielding {#s4b}
-----------------------------

A number of mechanisms have been proposed by which crack-tip zone shielding can occur, including transformation toughening (see §3*b*), microcrack toughening, crack-wake plasticity, void formation and residual stress \[[@RSTA20130157C73]\]. In many cases, the efficacy of these in terms of lowering the crack-tip stress intensity can now be assessed quantitatively by diffraction through their effect on the local stress field (§3*a*). Relatively little work has been done examining microcracking by tomography, though it has been reported for bone \[[@RSTA20130157C83],[@RSTA20130157C84]\] and in tusk dentin \[[@RSTA20130157C85]\]. Voide *et al.* \[[@RSTA20130157C86]\] and Christen *et al.* \[[@RSTA20130157C87]\] have studied microcracking in bone by time-lapse CT. They found that microcracks often initiated at stress-concentrating canals ([figure 14](#RSTA20130157F14){ref-type="fig"}*a*) and that osteocyte lacunae were able to guide microcrack propagation affecting their orientation and direction. Using digital volume correlation Christen *et al.* found that microcracks were only visible at far higher tensile strains (more than 15%) than that assumed to initiate plastic deformations, suggesting a considerable ability of bone to accumulate damage at the tissue level prior to the initiation of microcracks. They also found that the COD increased only up to approximately 2.0 μm with increased loading ([figure 14](#RSTA20130157F14){ref-type="fig"}*b*). Instead of further crack opening, the energy is then released by either an increase of the crack length or the formation of additional microcracks. In many cases, such cracking ahead of the crack tip can also lead to crack bridging, which is often a more significant shielding effect, as indicated by previous studies \[[@RSTA20130157C76],[@RSTA20130157C88]\]. Figure 14.(*a*) The strain map in the transverse plane for a mouse femur just before failure with the osteocyte lacunae (yellow) aligned out of plane and homogeneously spaced approximately 20 μm apart in which the microcrack (green) is propagating from top right to left. The out-of-plane canal (red) causes a stress concentration and, consequently, an upwards deflection of the microcrack. (*b*) The histogram of the crack-opening displacement (COD) just before failure pooled from many samples. The opening of the microcracks reaches a plateau (95% limit at 1.74 *μm*), where further energy is dissipated only by other mechanisms, such as the extension of the crack or by other cracks \[[@RSTA20130157C87]\]. (Online version in colour.)

(c). Contact shielding by crack bridging {#s4c}
----------------------------------------

Interfaces or discontinuities, arising between distinct phases, from material anisotropy, or due to porosity or defects, can lead to uncracked bridging ligaments that shield the crack front from the applied load. In some cases, this is by the creation of smaller microcracks ahead of the crack that link with the main crack or by forming crack-resistant islands ([figure 15](#RSTA20130157F15){ref-type="fig"}) after the main crack has passed. Crack bridging is one of the most important crack-tip toughening mechanisms. Because bridging arises across the crack wake, bridging mechanisms tend to cause the crack resistance to increase with crack length (R-curve behaviour). Figure 15.Combined use of diffraction contrast tomography (DCT) and CT data to identify crack-bridging grain boundary structure for intergrannular corrosion in a stainless steel wire. (*a*) Integranular cracking is evident from the segmented attenuation contrast image (top) but the relationship to the underlying grain structure is only evident from the magnified DCT image (bottom). (*b*) Two-dimensional section of the grain boundaries identified by DCT compared with the path identified by CT. The low-angle boundaries *Σ*1 (orange), *Σ*3 (red), *Σ*9 (blue) and other boundaries \<*Σ*29 (purple) \[[@RSTA20130157C70]\]. (Online version in colour.)

### (i). Crack bridging {#s4c1}

*Grain-scale bridging.* Crack bridging is important not just for fatigue cracking, but also in understanding intergranular stress corrosion cracking. Here, the properties of the individual grain boundaries are paramount in determining the extent of crack bridging that is achieved. Diffraction contrast tomography enables the grain orientations to be measured, and the nature of the individual grain boundaries to be inferred and related to their susceptibility to cracking ([figure 15](#RSTA20130157F15){ref-type="fig"}).

### (ii). Interface-controlled bridging {#s4c2}

Interfaces can hold up crack growth or initiate new cracks to which the main crack will link up through the formation of bridges. The latter can be achieved by controlling the interface properties or by the exploitation of defect structures. These effects are used widely in nature; for example, for cracks growing along the length of bone ([figure 16](#RSTA20130157F16){ref-type="fig"}) microcracks tend to form ahead of the crack along the lines of the Haversian canals which then give rise to crack bridging as they join the primary crack. The increased osteonal density in older bone leads to smaller and less frequent crack bridges and correlates with the marked reduction in the slope of the R curves with age \[[@RSTA20130157C76]\]. This mechanism is less effective than the crack deflection that arises when a crack grows perpendicular to the length of the bone. In contrast to bone, dentin has been observed to be toughest for cracks grown parallel to the tubules; this suggests that the significant effect on toughening is not from the bridging of the tubule lumens, but rather from the bridging between microcracks initiated from the tubules \[[@RSTA20130157C90]\]. Figure 16.(*a*) Fracture toughness resistance curve data for the transverse and longitudinal orientations in hydrated human cortical bone \[[@RSTA20130157C89]\] and tomographs showing the crack growth path for cracks growing (*b*) transverse to the axis of the bone \[[@RSTA20130157C80]\] and (*c*) along the length of the bone \[[@RSTA20130157C89]\]. In (*b*) crack deflection/twisting dominates and in (*c*) crack bridging dominates the toughening. (Online version in colour.)

Perhaps the most significant form of toughening by crack bridging arises when ceramic fibres reinforce metallic matrices where the interface strength is sufficiently low to allow crack deflection along the fibre matrix interfaces. A good example is provided by aligned Ti/SiC fibre composites where very significant crack-bridging stresses arise, as discussed in §2*d*.

### (iii). Observing crack-face contact {#s4c3}

As discussed in §2*d*, a key aspect in terms of understanding macroscopic fatigue crack growth is crack closure \[[@RSTA20130157C39]\]. Stock and co-workers \[[@RSTA20130157C91]--[@RSTA20130157C94]\] were among the first to quantify the extent of crack-face contact (closure) during fatigue loading of aluminium alloys. From this work, they concluded that, as one might anticipate, planar sections of cracks tend to close relatively uniformly, whereas asperity-dominated surfaces tend to close at irregular locations. More importantly, they found that considerable physical crack closure during unloading precedes the knee in the load--deflection curve traditionally ascribed to crack-face closure. Consequently, asperities can give rise to closure at stresses surprisingly near to *K*~max~ (see §5*d*). A number of researchers have subsequently used X-ray tomography to evaluate closure effects \[[@RSTA20130157C57],[@RSTA20130157C68],[@RSTA20130157C95],[@RSTA20130157C96]\]. The mechanical consequence of closure is probably more affected by the subsequent onset of significant load carrying across the surfaces ([figure 9](#RSTA20130157F9){ref-type="fig"}) than the moment of first contact.

5.. Quantification of the crack-tip driving force {#s5}
=================================================

While maps of the stress field and images of the predominant damage mechanisms allow materials designers to infer much about the efficacy of various toughening mechanisms, quantitative measurements of the crack driving force provide useful measures of the efficacy of the active toughness mechanisms. Historically, a number of parameters have been used to quantify the crack driving force, including the elastic energy release rate, *G*, the stress intensity factor, *K*, the *J* integral, the CTOD and the crack-tip opening angle (CTOA). All have their merits \[[@RSTA20130157C97]\]: generally *G* and *K* are suited to elastic or nearly linearly elastic materials, whereas CTOD and *J* integral are better suited to elastic--plastic materials. All of these except for *G* can be evaluated by synchrotron diffraction, imaging, or both.

(a). Crack driving force inferred from the elastic strain field {#s5a}
---------------------------------------------------------------

By comparing the measured crack-tip strain field directly with that predicted by LEFM, it is possible to infer the stress intensity factor effective at the crack tip, *K*^eff^, directly from the local elastic strain field \[[@RSTA20130157C22]\], as summarized in [table 1](#RSTA20130157TB1){ref-type="table"} for the strain field in [figure 17](#RSTA20130157F17){ref-type="fig"}. It is evident from the table that in this case, where the plastic zone is small, the nominal stress intensity calculated from the crack length, the applied load and the specimen geometry is in very good agreement with that actually experienced by the crack tip. One of the disadvantages of fitting to the *K* field is the need to accurately know the location of the crack tip \[[@RSTA20130157C98]\]. Figure 17.The measured (*a*) and best-fit (*b*) elastic strain fields (in 10^−6^) for the crack-opening (*ε*~*yy*~) direction at *K*~Imax~=6.6 MPa√m for an Al 5091 CT sample. The LEFM best-fit crack-tip strains correspond to a crack-tip stress intensity of *K*^eff^~Imax~=6.11 MPa√m,K^eff^~*IImax*~=0.33MPa√m ([table 1](#RSTA20130157TB1){ref-type="table"}) \[[@RSTA20130157C22]\]. (Online version in colour.) Table 1.Stress intensity factors (in units of *MPa*√m) as nominally applied from the far-field load and inferred at the crack tip by fitting LEFM solutions to the strain maps measured mid-thickness at maximum load during a normal cycle and during an overload cycle for an AA 5091 sample \[[@RSTA20130157C22]\]. The uncertainties given in the parentheses are 2×standard deviation (95%) confidence limits.fatigue/overloadapplied *K*^nom^~I~crack tip *K*^eff^~I~crack tip *K*^eff^~II~fatigued6.66.11 (0.21)0.33 (0.53)100% overload13.213.3 (1.83)0.71 (0.38)one cycle after overload6.66.2 (0.46)−0.06 (1.19)

(b). Crack driving force inferred from the crack-face tractions {#s5b}
---------------------------------------------------------------

Often, measurements of the COD are used to infer the crack-face tractions \[[@RSTA20130157C99]\]. However, in some cases, the crack-face tractions can be determined and the effective stress intensity range can be calculated either using weight functions \[[@RSTA20130157C100]\] or by finite-element methods \[[@RSTA20130157C101]\]. In some cases, diffraction can provide a direct measure of the bridging stresses. By way of an example, consider the fibre stresses shown in [figure 10](#RSTA20130157F10){ref-type="fig"} for a Ti--Al--4V/35% SiC fibre composite. The net effect of these fibres can be considered as crack-face tractions acting over the crack faces, as shown in [figure 18](#RSTA20130157F18){ref-type="fig"}. These crack-face tractions can then be used to infer the stress intensity range effective at the crack tip, as shown in [figure 19](#RSTA20130157F19){ref-type="fig"}. What is clear from the figure is that as the crack grows more and more fibres bridge the crack, so that, ultimately, the fibres either break or arrest the crack \[[@RSTA20130157C10],[@RSTA20130157C50]\]. Figure 18.The fibre stresses measured at the fatigue crack plane shown in [figure 10](#RSTA20130157F10){ref-type="fig"} for a Ti--Al--4V/35% SiC fibre composite can be considered as crack-face tractions at (*a*) *K*~max~ and (*b*) *K*~min~. These crack-closing (*a*) and crack-opening (*b*) stresses are shown superimposed upon the measured continuum crack-tip stress field (in MPa; after \[[@RSTA20130157C50]\]) derived by summing the stresses in each phase in their correct phase fractions. The crack length is approximately 0.35 through the width of the sample. (Online version in colour.) Figure 19.Increase in crack-tip driving force with crack length compared with that nominally applied (red squares) for a 35vol% SiC fibre/Ti alloy composite as inferred from the crack-tip stress field (orange circles) using the approach of §5a, from the stresses in the bridging fibres (green diamonds) as described in §5b and the local crack-opening displacements (purple triangles) as described in §5d. (After \[[@RSTA20130157C49]\].) (Online version in colour.)

(c). Crack driving force inferred from the displacement field {#s5c}
-------------------------------------------------------------

Toda *et al.* \[[@RSTA20130157C102]\] were probably the first to infer the crack driving force directly from the point-to-point displacements during the opening and closing of a crack measured in three dimensions from the movement of markers (often inclusions or micropores) near the crack tip ([figure 20](#RSTA20130157F20){ref-type="fig"}a). This is normally expressed in terms of the relationship between displacement and the stress intensity factor *K* for small-scale plasticity or the *J*-integral for larger-scale yielding. This approach has been taken further through the use of digital volume correlation to map three-dimensional displacements; the variation in the local crack-tip driving force can be inferred all along the crack front by three-dimensional modelling \[[@RSTA20130157C95],[@RSTA20130157C103]\] ([figure 20](#RSTA20130157F20){ref-type="fig"}b). Figure 20.(*a*) Variations of modes I, II and III local crack driving forces as a function of applied stress intensity range determined from crack-opening displacements measured by tomography. The data were averaged along the whole crack front of an Al alloy single-edged notch sample. The theoretically applied SIF was pure mode I and given by the straight line \[[@RSTA20130157C102]\]. (*b*) Extended finite-element modelling (X-FEM) and mode I stress intensity factor along the crack front after 45 000 cycles as deduced by digital volume correlation based on the nodules in nodular cast iron \[[@RSTA20130157C103]\].

(d). Crack driving force inferred from the crack-tip opening displacement {#s5d}
-------------------------------------------------------------------------

The change in CTOD during a fatigue cycle is an important measure of the crack driving force. One of the first teams to measure the CTOD as a function of the load was led by Stock \[[@RSTA20130157C91]\], identifying asperity contact well before the knee in the traditional compliance curve. Subsequent higher-resolution measurements by Toda *et al.* \[[@RSTA20130157C59]\] found a linear relation between the CTOD and the applied stress intensity with crack-face contact arising largely from a small mode III displacement, reducing continuously upon reloading with small regions of contact even at *K*~max~. The role of crack bridging by unbroken bridging fibres on the COD variation in a metal matrix composite has also been mapped \[[@RSTA20130157C55]\].

Withers *et al.* \[[@RSTA20130157C49]\] have recently brought together imaging and diffraction measurements of crack-tip driving force for fatigue crack in a Ti/35 vol% SiC fibre composite in a key demonstration of the complementarity of diffraction (crack-tip stress field and fibre-bridging stresses) and tomography (COD measurement) to infer the crack-tip driving force throughout fatigue cycles ([figure 18](#RSTA20130157F18){ref-type="fig"}). Note from the figure how the actual stress intensity experienced by the crack tip stays approximately constant as the crack grows despite the sharp increase in the applied nominal stress intensity as the cracked section increases.

6.. Conclusion {#s6}
==============

To conclude, just as the imaging and diffraction modes of a transmission electron microscope are used in tandem to interrogate materials microstructures, the synchrotron X-ray diffraction and computed tomographic imaging modes offer the prospect of delivering complementary information across a range of engineering materials problems. This review has explored the extent to which diffraction can provide information about the stress field local to the crack as well as the extent of local plasticity and transformation, whereas imaging can provide a great deal of information about the activation of crack-shielding mechanisms, crack deflection and propagation or even crack healing. In many cases, multiple toughening mechanisms operate, and it can be difficult to infer the effectiveness of each simply by imaging their activation. The examples given in this paper show how, taken together, diffraction and imaging enable a number of key fracture mechanics parameters such as the stress intensity factor, *K*, the *J* integral, the CTOD and the CTOA to be quantified. This information promises to improve our understanding of crack growth, leading to better structural integrity assessments, as well as guide materials designers to exploit crack-toughening micromechanisms.

To date, examples where X-ray imaging and diffraction have been combined are rare owing to the lack of suitable instruments. One example is provided by the study of the pores that develop during the heat treatment processing required to produce superconducting Nb~3~Sn strands in copper \[[@RSTA20130157C104]\]. By comparing the evolution of void volume (observed *in situ* by imaging) with that of the various phase fractions (measured by diffraction), it was shown that the pores are formed because of density changes upon the formation of certain intermetallic phases.

Looking to the future, there are many cases where a combination of diffraction and imaging could provide complementary insights in three dimensions, particularly where changes in stress or the occurrence of phase transformations need to be related to structural changes or degradation. Mixed methods such as diffraction contrast tomography will enable both three-dimensional crystallographic information and strain at the grain-by-grain level to be co-visualized with three-dimensional damage or structural information from imaging. It will be possible to use fast tomography to survey regions to identify defects or features of interest, around which detailed stress mapping may be useful in either two or three dimensions.

The highly penetrating nature of synchrotron X-rays will enable the interaction between local stress concentrations and the onset of failure to be explored *in situ* over time under demanding environments typical of particular in-service conditions, for example --- to understand the load redistribution (by diffraction) that takes place locally in long-fibre composites under static or fatigue loading when one or more fibres break (as recorded by imaging) \[[@RSTA20130157C105]\];--- to quantify the relationship between stress relaxation \[[@RSTA20130157C106]\] and creep cavitation \[[@RSTA20130157C107]\];--- to study the accumulation of damage (by imaging \[[@RSTA20130157C108]\]) in piezoelectric actuators/ferroelectric devices as a function of phase transformations and residual stress (quantified by diffraction \[[@RSTA20130157C109]\]) under alternating electric field and/or load;--- to follow fatigue crack growth (imaging) in shape memory materials (recording the phase transformations and stress by diffraction) \[[@RSTA20130157C110],[@RSTA20130157C111]\];--- to follow the local oxidation (by diffraction) and crack-healing kinetics (by imaging) during crack self-healing at elevated temperature for a MAX phase ceramic \[[@RSTA20130157C112]\]. Subsequently, the ability of the healed crack to bear load prior to cracking could also be assessed by diffraction.

Almost certainly, there are many more, as yet unforeseen, applications of diffraction and imaging. More beamlines such as ID15 at the ESRF and JEEP at the Diamond Light Source need to be developed that allow both techniques to be applied sequentially or simultaneously on the same sample. Further, the ability to acquire such information quickly \[[@RSTA20130157C113]\], to extract quantitative information \[[@RSTA20130157C114]\] from the images and to correlate information across scales with complementary three-dimensional information from other instruments \[[@RSTA20130157C115]\] will allow a much wider range of *in situ* experiments to come under the microscope.
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